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Ultracold gases provide an unprecedented level of control for the investigation of soliton dynamics
and collisions. We present a scheme for deterministically preparing pairs of three-component solitons
in a Bose-Einstein condensate. Our method is based on local spin rotations which simultaneously
imprint suitable phase and density distributions. This enables us to observe striking collisional prop-
erties of the vector degree of freedom which naturally arises for the coherent nature of the emerging
multi-component solitons. We find that the solitonic properties in the quasi-one-dimensional system
are quantitatively described by the integrable repulsive three-component Manakov model.
Solitons, non-dispersive wave packets in nonlinear sys-
tems, are realized in a broad variety of settings across
nature – from optics and classical fluids to plasmas and
ultracold atoms [1, 2]. While an extensive effort has been
invested in the understanding of single-component sys-
tems, the study of coupled multi-component nonlinear
models is far less developed, especially in settings involv-
ing more than two components. In the presence of well-
defined phase relations between the constituent fields the
concept of vector solitons arises and their internal degree
of freedom leads to striking interaction features [3].
There are different platforms for investigating solitonic
collisions, most notably nonlinear optics systems where
polarization shifts have been demonstrated [4–6]. Nowa-
days, the unprecedented level of control available in ul-
tracold atomic systems offers new perspectives. These
systems do not only provide a variable number of in-
ternal states with long coherence times but also a wide
variety of methods for manipulating and detecting the
constituent fields. Single-component collisions have al-
ready been studied in great detail [7–9]. Recently, this
has been extended to the experimental detection of two-
component [10] and magnetic solitons [11, 12], as well as
three-component solitonic structures [13].
For our experiments on three-component solitons we
employ a quasi-one-dimensional Bose-Einstein conden-
sate (BEC) of 87Rb trapped in a homogeneous magnetic
field. We realize the different components with the mag-
netic sublevels mF = 0,±1 of the F = 1 hyperfine mani-
fold. The soliton we are investigating is a coherent super-
position of all mF fields, where mF = 0 features a den-
sity minimum accompanied by a phase jump. The bright
components in mF = ±1 feature density maxima at the
same position and have a fixed phase relation which al-
lows defining the associated polarization vector. In the
nonlinear physics context, this is known as dark-bright-
bright soliton [14].
To generate this type of nonlinear excitation, we use
a spatially localized spin rotation [15] realized with a
steerable laser beam. This coherently transfers atoms
from the initial mF = 0 to the bright components (see
Fig. 1(a)). The Gaussian beam profile with a root mean
square (rms) radius of approximately 4 µm leads to den-
sity distributions of the magnetic sub-states via the cor-
responding position-dependent Rabi coupling Ω(x) which
is proportional to the light intensity [15]. Simultaneously,
a spatially dependent phase is imprinted which is close to
the phase structure of the vector soliton, namely a phase
step in themF = 0 field and constant phases inmF = ±1.
For this we use that a Rabi oscillation of duration τ
induces field amplitudes according to ψ0 ∝ cos(Ωτ) in
mF = 0. Thus, rotation angles Ωτ > pi/2 in the center of
the light beam induce a region with flipped sign of ψ0. In
Fig. 1 we show the subsequent dynamics which is probed
via Stern-Gerlach absorption images. For Ωτ > pi/2 we
find indeed that a pair of solitons is formed (Fig. 1(b),
right column) while for shorter Rabi couplings the initial
density distribution disperses (Fig. 1(b), left column).
We confirm the preparation of three-component vec-
tor solitons by comparing our experimental observations
with an appropriate analytical model. We expect our sys-
tem to be well described by a repulsive three-component
Manakov model with density interactions of equal cou-
pling strength between all components. Beyond den-
sity coupling, our multi-component 87Rb Bose gas fea-
tures also spin interactions, which lead to a small spin-
dependent modification of the density interactions (less
than one percent), and to spin changing collisions redis-
tributing the population between the components (see
[17] for details). We strongly suppress the latter process
by working in a regime of positive quadratic Zeeman en-
ergy, more than 20 times larger than the spin interaction
energy (i.e., deep in the polar phase [18]). The size of the
solitons of ∼ 6 µm is larger than the transverse extent of
∼ 4 µm of the atomic cloud, therefore a one-dimensional
model is adequate to describe our system.
For the three-component variant of the Manakov
model, it is well known that dark-bright-bright solitons
exist for the system subject to non-zero boundary condi-
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2FIG. 1. Formation of three-component vector solitons.
(a) An amplitude-modulated steerable laser beam (green) is
used to implement local spin rotations in an elongated BEC
(red) subject to a homogeneous magnetic field B along the
z-direction. This coherently transfers atoms from the ini-
tial state mF = 0 (red disk) to mF = ±1 (green arrows).
(b) The upper panel shows absorption images after Stern-
Gerlach separation revealing the density distributions of the
three mF states after local spin rotations of duration τ . For
short Rabi coupling (τ = 33 µs) the population is transferred
to mF = ±1; and for longer pulse duration (τ = 65 µs) the
population is coherently transferred back to mF = 0 in the
center of the laser beam, implying a sign change in ψ0. The
subsequent dynamics shown below (summed mF = ±1 densi-
ties n±1) indicates the formation of a soliton pair as a result
of the sign change (right column). Each soliton consists of
shape-preserving bright components (mF = ±1) and a cor-
responding density depletion in the mF = 0 component (see
lower absorption image). In contrast, without phase jump the
initial density distribution disperses (left column).
tions [19]. Recently, for solutions of the form
ψ±1(x) = c±1η sinα sech [κ (x− x0)] ,
ψ0(x) = eiϕS {i cosα+ sinα tanh [κ (x− x0)]} ,
(1)
an inverse-scattering analysis has been developed in or-
der to predict the change of their characteristics upon
collision [20]. In Eq. (1) the indices label the differ-
ent mF states, c±1 the entries of the polarization vec-
tor c associated with the bright soliton components, κ
the inverse soliton width, x0 = x˜0 + vt the position of
the soliton propagating with velocity v, and ϕS a rel-
ative phase between mF = 0 and mF = ±1. The re-
FIG. 2. Quantitative comparison with a repulsive three-
component Manakov vector soliton solution. (a) Experimen-
tally extracted density profiles (markers) of a single realiza-
tion at t = 100 ms compared to the analytical prediction
(solid lines) of Eq. (1) with independently extracted parame-
ters from the experimental observations (see main text). The
spreading of the atomic absorption signal induced by the
imaging setup is taken into account by convolving the model
densities with a Gaussian with rms radius of 1.2 µm [16, 17].
The inset shows the experimentally extracted soliton positions
(solid lines are linear fits). (b) The total density of the three-
component Manakov soliton features a small depletion (solid
line for parameters used in (a)) which we confirm by taking
the difference between the total densities with and without
solitons measured by omitting the Stern-Gerlach separation
of the components and averaging over 20 realizations. All
error bars mark the 1 s.d. interval of the mean.
maining quantities for our atomic system are given by
η =
√
1− (h¯2κ2/m+mv2)/µ and tanα = h¯κ/(mv),
where m denotes the atomic mass and µ is the chemi-
cal potential of the total background density (see [17]).
We parametrize the soliton polarization
c = 1√
2
(√
1 + Sz e−iϕL/2√
1− Sz e+iϕL/2
)
, (2)
motivated by the collective pseudo-spin 1/2 represen-
tation of the bright components, in terms of Sz =
(N+1 − N−1)/(N+1 + N−1), with N±1 representing the
atom numbers in the corresponding bright components.
The Larmor phase ϕL is given by the transversal spin
Sx + iSy = |S⊥|eiϕL with Sx ∝
∫
(ψ∗+1ψ−1 + c.c.) dx and
Sy ∝
∫
(−iψ∗+1ψ−1 + c.c.) dx. In this language the co-
herence is given by the length |S| = √S2z + |S⊥|2 and is
3FIG. 3. Collision of three-component vector solitons. (a) We generate two pairs of solitons by applying two local spin rotations.
The resulting evolution of the bright components n1 +n−1, averaged over 6 realizations, is shown in the lower panel. Encircled
numbers label the solitons. (b) Detailed view of the collision area marked by the rectangle in (a) for three different relative
Larmor phases ∆ϕL = ϕ(2)L − ϕ(1)L imprinted by corresponding phases of the laser beam modulation. The orientation of the
pseudo-spin 1/2 in the x-y-plane is indicated by the green arrows. The color-coded density difference n1 − n−1 between the
two bright components of the vector soliton after collision reveals a strong dependence on the initial ∆ϕiL. The saturation of
the color indicates the density n1 +n−1. We confirm that the shape of the solitons remains unaltered and that the polarization
features a ∆ϕL-dependent change after the collision.
equal to 1 in the theoretical framework of the model.
For comparison with the analytical model we indepen-
dently determine the polarization parameters ϕL and Sz
where we estimate N±1 by summing over three times the
fitted rms width. The position x0 and the inverse width
κ are extracted as the mean from independent fits to
the mF = ±1 components. The velocity v is obtained
from the position assuming linear motion of the solitons
(cf. inset of Fig. 2(a)), and µ from the background den-
sity n (see [17] for details). In Fig. 2(a) we compare the
individual densities n0,±1 ∝ |ψ0,±1|2 with the solution
Eq. (1) and find good quantitative agreement. We at-
tribute the remaining deviations in amplitude and width
of the mF = 0 profile to the filling up of the density min-
imum during time of flight for spatially separating the
hyperfine levels and imaging.
An additional feature of the multicomponent soliton
is a maximal depletion δn/n = h¯2κ2/(mµ) of the total
density relative to the background density n. For our pa-
rameters we expect approximately 60 atoms to be miss-
ing in the total number of particles. This is on the order
of the atomic shot noise of the total atom number over
the size of the soliton. To achieve this precision we im-
age without Stern-Gerlach separation and subtract total
density profiles without solitons, each averaged over 20
realizations [21]. The result in Fig. 2(b) is close to the ex-
pectation and we find a depletion of ∼ 100 atoms which
corresponds to δn/n ≈ 0.03 of the background density.
We now turn to the study of collisions, a defining char-
acteristic of solitons. For this we consecutively generate
two soliton pairs by applying two separate local spin ro-
tations where the experimental control allows modifying
the soliton polarization. Here we tune the initial Lar-
mor phase difference ∆ϕiL = ϕ
(2)
L − ϕ(1)L of the colliding
solitons by adjusting the relative phase of the amplitude
modulation of the laser beams (see Fig. 3(a)). After ap-
proximately t ≈ 260 ms the two central solitons collide
without significantly changing their shape. However, we
observe a strong variation of the outgoing soliton polar-
ization as a function of the initial polarization difference,
exemplified for three settings of ∆ϕiL shown in Fig. 3(b).
While for ∆ϕiL ≈ 180◦ the polarization is not altered, we
observe a significant change of Sz for other angles. For
the cases shown the collision redistributes the popula-
tions in mF = ±1 such that the outgoing solitons mainly
contain one dominant bright component (population ra-
tio of ∼ 0.8/0.2).
For further characterization we apply a detection
scheme for simultaneous readout of orthogonal transver-
sal projections of the pseudo-spin degree of freedom [22]
with which we access initial and final ∆ϕL as well as the
transversal spin length |S⊥| (see [17] for the readout se-
quence). This allows the quantitative comparison of ex-
perimental data and theoretical predictions. In Fig. 4 we
show the experimentally extracted polarization parame-
ters Sz and relative phase ∆ϕfL after collision as a func-
4FIG. 4. Quantitative comparison of the experimental soli-
ton polarization dynamics with the analytical solution. We
compare the measured polarization after collision (circles, av-
eraged over times t = 320 – 400 ms) with the predictions us-
ing independently determined model parameters (solid lines)
for different ∆ϕiL measured before collision. (a) Sz of both
solitons (red and blue). As a reference the dashed lines
show the experimental Sz before collision averaged over times
t = 40 – 220 ms and all measured phases. We attribute the dif-
ferent amplitudes to the differences in initial velocities, widths
and Sz of the two solitons. (b) The measured Larmor phase
difference ∆ϕfL after collision matches the analytical solution.
The inset shows the experimentally measured pseudo-spin 1/2
length before (dashed line, averaged as in (a)) and after (cir-
cles) collision, revealing the conservation of coherence. The
ticks on all x-axes correspond to the same values indicated at
the bottom of (b) and all error bars indicate 1 s.d. interval of
the mean.
tion of the initial phase difference ∆ϕiL. For the repul-
sive three-component Manakov model the post-collision
polarizations of soliton 1 and 2 are given by
cf1 = χ
(
ci1 +A12
〈
ci2
∣∣ci1〉 ci2) ,
cf2 = χ
(
ci2 +A∗21
〈
ci1
∣∣ci2〉 ci1) , (3)
where 〈·|·〉 denotes the complex inner product, with the
polarization vectors ci and cf before and after collision,
respectively. The normalization factor χ and the cou-
pling parameters Ajk depend on the velocities and widths
of the colliding solitons as well as on the background den-
sity (for the theoretical analysis see [20], for the connec-
tion to our experiment see [17]). The outgoing polar-
ization can be seen as a superposition of the transmit-
ted part and an admixture of the reflected part weighted
with the overlap between the two polarization vectors of
the incoming solitons. We determine all parameters ex-
perimentally and find good quantitative agreement (see
Fig. 4). The initial experimental asymmetries in the soli-
ton polarization, width, and velocity cause slight ampli-
tude differences in the post-collisional Sz which are also
captured by the theory. Our measurements reveal that
the collisions conserve the pseudo-spin length |S| (see in-
set Fig. 4(b)) which confirms the coherence-preserving
nature of the collisions.
Summarizing, we present a novel method for con-
trolled generation of coherent multi-component solitons
and verify the key features of three-component vector-
solitonic propagation and interactions experimentally.
We find quantitative agreement with analytical predic-
tions of collision-induced polarization shifts in the repul-
sive three-component Manakov model. The scalability
of the technique provides the means for direct genera-
tion of solitonic lattices or random soliton gases [23–26]
with a spin degree of freedom. Combined with the ob-
served long lifetime of the solitons the regime of multiple
soliton collisions can be investigated. Notably, the colli-
sional properties can also be described by an attractive
two-component Manakov model [20] for the bright com-
ponents. Thus our work paves the way for the study of
bright-soliton collisions in the robust environment of re-
pulsive BECs. Combined with the decoupled spin degree
of freedom this leads to long coherence times – a new
route to quantum solitons.
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6SUPPLEMENTAL MATERIAL
Spin-1 system and repulsive three-component Manakov model
The dynamics of the spinor Bose gas is described by the Hamiltonian [18, 27]
Hˆ = Hˆ0 +
∫
dV
[
: c02 nˆ
2 + c1nˆ0 (nˆ+1 + nˆ−1) +
c1
2 (nˆ+1 − nˆ−1)
2 + c1
(
ψˆ†+1ψˆ
†
−1ψˆ0ψˆ0 + h.c.
)
:
+ p (nˆ+1 − nˆ−1) + q (nˆ+1 + nˆ−1)
]
,
(S1)
where Hˆ0 contains the spin-independent kinetic energy and trapping potential, ψˆ†j is the bosonic field creation operator
of the magnetic substate j ∈ {0,±1}, nˆj = ψˆ†j ψˆj , nˆ =
∑
j nˆj , :: denotes normal ordering, and p and q label the linear
and second-order Zeeman shifts, respectively. In 87Rb the spin interaction constant c1 is much smaller than the
density interaction constant c0 (|c1|/c0 <∼ 1/200). Consequently, the contribution of the second and third term in the
integral of Eq. (S1) is small. The fourth term, which potentially leads to redistribution between the hyperfine states,
can be energetically suppressed by the second-order Zeeman shift q.
Applying a mean-field approximation we substitute the field operators ψˆj by complex fields ψj . Due to the strong
transversal confinement we approximate our system to be one-dimensional. Further, we neglect the small terms ∝ c1
and the phase evolutions due to p and q as well as the longitudinal trapping potential. Subtracting the background
chemical potential µ, the equation of motion reads
ih¯
∂
∂t
Ψ = − h¯
2
2m
∂2
∂x2
Ψ+ c1D0 |Ψ|2Ψ− µΨ , (S2)
where Ψ = (ψ+1, ψ0, ψ−1)T describes the wave functions of the three magnetic substates and c1D0 is the effective
one-dimensional density interaction constant. To scale the quantities of Eq. (S2) to the dimensionless form of the
repulsive three-component Manakov model employed in [20] we use the relations
nc1D0
2h¯ t → t , (S3)√
mnc1D0
h¯
x → x , (S4)
1√
n
Ψ → q , (S5)
µ
nc1D0
→ q20 . (S6)
With this mapping we obtain the Manakov model
i
∂
∂t
q = − ∂
2
∂x2
q + 2
(|q|2 − q20) q . (S7)
Solution for vector soliton collisions
The post-collisional polarizations of the solitons in the Manakov model are given by (see Eq. (6.23) of [20])
cf1 = χ
(
ci1 +A12
〈
ci2
∣∣ci1〉 ci2) ,
cf2 = χ
(
ci2 +A∗21
〈
ci1
∣∣ci2〉 ci1) , (S8)
with coupling factors
Ajk =
z∗j (z∗k − zk)
(
q20 − |zk|2
)
zk
(
z∗j − z∗k
) (
q20 − z∗j z∗k
) (S9)
7and normalization
χ =
[
1 +
(z∗1 − z1) (z2 − z∗2)
(
q20 − |z1|2
) (
q20 − |z2|2
)
|z1 − z2|2|q20 − z1z2|2
∣∣〈ci1∣∣ci2〉∣∣2
]−1/2
, (S10)
with the eigenvalues zj = ξj + i νj associated with soliton j, where ξj and νj denote dimensionless measures of velocity
and inverse width, respectively, and are related to physical units by
ξj =
√
m
nc1D0
vj , (S11)
νj =
h¯√
mnc1D0
κj . (S12)
The parameter
ϕS = exp
{
i
[
α− ξjx+ (ξ2j − ν2j )t+ θ
]}
(S13)
with phase offset θ used in Eq. (1) absorbs all relative phase contributions between mF = 0 and mF = ±1 detailed in
[20]; for the experimental evaluation of the soliton polarization this phase evolution is irrelevant.
Experimental details
We prepare a BEC of ∼ 105 atoms in the state (F, mF) = (1, 0) in an optical dipole trap of 1030nm light with
trapping frequencies (ω‖, ω⊥) ≈ 2pi× (1.6, 170)Hz in a magnetic bias field of B = 0.884 G (except for measurement of
Fig. 2, where B = 1.45 G), leading to q ≈ 56 Hz×h (q ≈ 151 Hz×h). A magnetic field gradient along the longitudinal
trap axis leads to a differential Larmor precession between two solitons. From independent measurements on the
soliton evolution we determine this gradient and compensate the gradient to less than 10 nG/µm.
To perform local spin rotations we utilize a laser beam at a wavelength of 790.03 nm which we steer by two
perpendicular acousto-optical deflectors and focus on the atoms through the imaging objective. We use square-wave
amplitude modulation at the Larmor frequency corresponding to the magnetic offset field. The relative Larmor phase
of the solitons is adjusted by the phases of the amplitude modulations for the two spin rotations.
Experimental extraction of soliton parameters
Here we outline the steps for extracting the soliton parameters from the experimental data. First, we fit sech2 or
tanh2 functions to the different hyperfine levels independently. To account for the spatial spread of the atom signal
induced by our imaging setup [16] we convolve the fit functions and analytically calculated density profiles with a
Gaussian with rms radius of 1.2 µm.
We average over the fit results in mF = ±1 to extract the inverse width κ and peak position x0 in each single
realization.
For extracting the soliton velocity v from the positions x0 we apply two different methods. In Fig. 2 we calculate
v in each single realization from the difference between x0(t) and the average initial x0(t = 0). For Figs. 3 and 4 we
are only interested in the average velocity shortly before collision. Therefore, we obtain v from a linear fit to the x0
evolution for t = 160 – 240 ms.
As described in the main text, we extract Sz = (N+1 −N−1)/(N+1 +N−1) where we obtain N±1 by summing the
respective hyperfine density profiles over three rms widths of the soliton.
The background density is the mF = 0 density at the soliton position when no soliton is present. For Fig. 2 we
extract this value by averaging n0 over the region outside the soliton where the influence of the trap curvature is
still negligible. Close to the soliton collision in Figs. 3 and 4 a large region in the trap center is occupied by the two
solitons. Therefore, we obtain an estimate of the background density at the soliton positions from a quadratic fit to
the n0 profile of the trap. For this we neglect the regions which are influenced by the solitons.
From these quantities the values of η and α are determined according to the equations given in the main text.
For calculating η we additionally estimate the background chemical potential. For this we apply the local density
approximation and assume our trap to be cylindrically symmetric. We obtain the chemical potential
µ = ω⊥
√
mnc0
pi
(S14)
8Quantity Single realization in Fig. 2 Soliton 1 in Fig. 4 Soliton 2 in Fig. 4
Velocity v (mm/s) −0.16 0.18 −0.21
Inverse width κ (1/µm) 0.31 0.33 0.34
Polarization parameter Sz 0.08 0.01 −0.05
Background density n (atoms/µm) 435 471 456
TABLE I. Experimentally extracted soliton parameters for the single realization shown in Fig. 2 and the parameters used for
calculating the theoretical curves in Fig. 4. For Fig. 4 we obtain the densities at t = 220 ms (before collision). For the analytical
prediction (solid lines) we obtain ξj and νj from these values and q20 is obtained from the mean of both background densities.
in the radial Thomas-Fermi approximation.
For an overview of the experimentally extracted soliton parameters used in Figs. 2 and 4 see Table I.
The signal of the total density depletion shown in Fig. 2(b) is small. Thus, drifts of ∼ 3 % in the total atom number
are expected to slightly modify the measurement results in this case. Therefore we take these into account. To reduce
imaging noise we apply a fringe removal algorithm detailed in [28] for all measurements shown in Fig. 2.
Simultaneous readout of transversal pseudo-spin projections and Larmor phase
To extract the Larmor phase and the transversal pseudo-spin length of the solitons we simultaneously read out the
two components Sx and Sy. The corresponding pulse sequence is depicted in Fig. S1. To read out the transversal spin
we have to access the coherence between the mF = ±1 components. Therefore, we first transfer the population in
the mF = 0 component to the state (F,mF) = (2, 1), such that it does not contribute to the coherence measurement.
Since the resonance frequency of the transfer (1, 0) ↔ (2, 1) is nearly the same as for the transition (1, 1) ↔ (2, 0),
a microwave frequency (mw) pulse resonant to the first transition would also transfer atoms from the state (1, 1) to
the F = 2 manifold. Thus, we use three mw pulses to achieve the transfer of the mF = 0 component. We first apply
a mw pulse to transfer all atoms from the state (1, 1) to (2, 2). After this the atoms in (1, 0) are coupled to the
F = 2 manifold without disturbing the remaining populations. In a next step we employ another mw pulse to switch
the populations of the states (2, 2) and (1, 1) back to the initial configuration. The mw coupling between the states
(1, i)↔ (2, j) is described by the operators
Cˆij = 1√
2
(
ψˆ†(1,i)ψˆ(2,j) + ψˆ
†
(2,j)ψˆ(1,i)
)
. (S15)
To read out the coherence between the states (1,±1) we employ a radio frequency (rf) pulse corresponding to a
pi/2 spin-1 rotation which selectively couples the magnetic substates in the F = 1 manifold (see [22] for details).
Depending on the phase of the rf pulses, these rf rotations are described by the spin-1 operators
Fˆx =
1√
2
ψˆ†(1,0)
(
ψˆ(1,+1) + ψˆ(1,−1)
)
+ h.c.
Fˆy =
i√
2
ψˆ†(1,0)
(
ψˆ(1,+1) − ψˆ(1,−1)
)
+ h.c.
(S16)
Here, the first rf pulse sets the phase reference which we define to be a rotation described by the operator Fˆy. This
rotation maps the Sx component of the transversal spin onto the populations of the magnetic substates in F = 1.
Before also reading out the orthogonal spin direction we use three mw pulses, coupling the states (1,±1) ↔ (2,±2)
and (1, 0)↔ (2, 0), to transfer on average half of the population from the F = 1 manifold to F = 2, where the latter
serves as a storage for the expectation value of Sx.
Afterwards, we employ another rf pulse coupling the F = 1 manifold with a relative phase shift of 90◦ such that
we map the Sy component onto the population in F = 1. The last rf pulse amounts to a pi/4 spin rotation. In order
to minimize the effect of magnetic field fluctuations on the readout, we use a spin echo technique corresponding to
an additional rf rotation which switches the states (1,±1). After this pulse sequence, the two components of the
transversal spin can be evaluated via
Sx = (N(2,+2) +N(2,−2) −N(2,0))/NF=2 ,
Sy = −(N(1,+1) +N(1,−1) −N(1,0))/NF=1 ,
(S17)
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FIG. S1. Pulse sequence for the simultaneous readout of Sx and Sy. The level scheme depicts the coupling in the two hyperfine
manifolds and the boxes contain the rotation operators together with the rotation angles.
where NF=1,2 corresponds to the atom numbers measured in the respective hyperfine manifold, excluding the state
(2, 1). Analogously to the extraction of Sz described in the main text, here the atom numbers are also summed over
three times the rms width of the respective summed density profiles contributing to NF=1,2 (this is indicated with
the integrals in the definition of Sx and Sy in the main text). From this measurement we extract the Larmor phase
together with the transversal spin length via
|S⊥| eiϕL = Sx + iSy . (S18)
